Apoptosis is a type of controlled cell death that is essential for development and 22 tissue homeostasis. It also serves as a robust host response against infection by many 23 viruses. The capacity of neurotropic viruses to induce apoptosis strongly correlates with 24 virulence. However, the precise function of apoptosis in viral infection is not well 25 understood. Reovirus is a neurotropic virus that induces apoptosis in a variety of cell 26 types including central nervous system neurons, leading to fatal encephalitis in newborn 27 mice. To determine the effect of apoptosis on reovirus replication in the host, we 28 generated two otherwise isogenic viruses that differ in a single amino acid in viral capsid 29 protein µ1 that segregates with apoptotic capacity. Apoptosis-proficient and apoptosis- 
tissue homeostasis. It also serves as a robust host response against infection by many 23 viruses. The capacity of neurotropic viruses to induce apoptosis strongly correlates with 24 virulence. However, the precise function of apoptosis in viral infection is not well 25 understood. Reovirus is a neurotropic virus that induces apoptosis in a variety of cell 26 types including central nervous system neurons, leading to fatal encephalitis in newborn 27 mice. To determine the effect of apoptosis on reovirus replication in the host, we 28 generated two otherwise isogenic viruses that differ in a single amino acid in viral capsid 29 protein µ1 that segregates with apoptotic capacity. Apoptosis-proficient and apoptosis-30 deficient viruses were compared for replication, dissemination, tropism, and tissue injury 31 in newborn mice and the capacity to spread to uninfected littermates. Our results 32 indicate that apoptotic capacity enhances reovirus replication in the brain and 33 consequent neurovirulence but reduces transmission efficiency. The replication 34 To study the influence of apoptosis induction on reovirus pathogenesis following 97 a natural route of infection, we engineered isogenic viruses that differ only in the 1 98 residue linked to apoptotic capacity and inoculated newborn mice perorally (39) . 99 Apoptosis-proficient (AP) and apoptosis-deficient (AD) viruses were compared for 100 virulence, replication at sites of primary and secondary replication, tissue injury in the 101 infected host, and the capacity to spread to uninfected littermates. Our results suggest 102 that apoptotic capacity enhances reovirus replication in the brain but reduces the 103 efficiency with which reovirus is transmitted between hosts. The replication advantage 104 of AP virus is limited to the brain and correlates with enhanced infectivity in cultured 105 segments from strain T3D. An S1 gene plasmid encoding a 1 T249I mutation (40) was 132 used in lieu of the wild-type T3D S1 gene plasmid. A T3D M2 gene plasmid encoding a 133 µ1 I595K mutation (41) was used to generate a virus with enhanced apoptosis 134 efficiency. After 3 to 5 d of incubation, cells were frozen and thawed three times, and 135 virus was isolated by plaque purification using monolayers of L cells (42) . Purified 136 reovirus virions were generated from second-or third-passage L-cell lysate stocks (43) . 137 Viral particles were Freon-extracted from infected cell lysates, layered onto 1. chymotrypsin (Sigma) in a 100-l volume of virion storage buffer at 37°C for 60 min 145 (30). Reactions were terminated by the addition of 2 mM phenylmethylsulfonyl fluoride 146
(Sigma). 147
Sequences of the S1 and M2 gene segments of viruses generated by plasmid-148 based rescue were determined using RNA purified from virions and the High Pure RNA 149
Isolation Kit (Roche). Full-length open reading frames were reverse transcribed and 150 amplified using the OneStep RT-PCR Kit (Qiagen). Amplification products were 151 analyzed by agarose gel electrophoresis, purified using the QIAquick PCR Purification 152 Kit (Qiagen), and subjected to sequence analysis. were frozen and thawed twice prior to determination of viral titer by plaque assay using 158 L cells (42). Viral yields were calculated using the following formula: log 10 yield tx = 159 log 10 (pfu/ml) tx -log 10 (pfu/ml) t0 , where tx is the time post-infection. Viral infectivity was 160 determined at 16 or 24 h post-adsorption by fluorescence focus assay as described 161 to the user-defined threshold. To exclude false-positive signals, an averaged value for 174 surrounding pixels was calculated and compared to the threshold. Following completion 175 of cell enumeration, green nuclei with condensed chromatin (early apoptotic) were 176 manually subtracted from the final count. The process was repeated for orange/red 177 9 nuclei. Red, structurally normal nuclei also were manually subtracted from the final 178
count. 179
Detection of caspase-3/7 activity. HeLa cells (10 4 ) were grown in black, clear-180 bottom 96-well plates (Costar) and adsorbed with reovirus at room temperature for 1 h. 181
Following incubation of cells at 37°C for 24 h, caspase-3/7 activity was quantified using 182 the Caspase-Glo 3/7 assay (Promega). Staurosporine (10 M, Cell Signaling 183 Technologies) was used as a positive control. 184
Infection of mice Two-to-three-day-old C57BL/6 mice weighing 1.6 to 2.3 g 185 were inoculated perorally (46) or intracranially (47) with purified reovirus diluted in PBS. [Roche]), and 25 µg of protein extract was resolved by electrophoresis in 10% Tris-210 glycine gels (Bio-Rad) and transferred to Immun-Blot PVDF membranes (Bio-Rad). 211
Membranes were blocked for at least 1 h in Odyssey blocking buffer (LI-COR) and 212 incubated with antisera specific for actin and cleaved caspase-3 diluted 1:1000 in 213
Odyssey blocking buffer at 4°C overnight. Membranes were washed three times with 214 washing buffer (Tris-buffered saline containing 0.01% Tween-20) for 10 min each and 215 incubated with secondary antibodies Alexa Fluor-680-conjugated donkey anti-goat (for 216 actin) and IRDye 800CW-conjugated goat anti-rabbit (for cleaved caspase-3) at 1:2,000 217 and 1:10,000 dilutions, respectively, in Odyssey blocking buffer at room temperature for 218 1 h, washed twice with washing buffer and once with PBS for 10 minutes each, and 219 scanned using an Odyssey infrared imaging system. 220
Histology. Two-to-three-day-old C57/BL6 mice weighing 1.6 to 2.3 g were 221 were engineered using reverse genetics (40). The genomes of AP and AD were 244 constructed to contain two gene segments (M1 and L2) from strain T1L and the 245 remaining eight gene segments from strain T3D. The T1L M1 gene is associated with 246 interferon antagonism, and the T1L L2 gene has been linked to reduced interferon 247 sensitivity and enhanced infectivity of reovirus in the mouse intestine (49-51). The S1 248 genes of both AP and AD were engineered to encode a 1 attachment protein with a 249 threonine-to-isoleucine (T249I) substitution, which renders the attachment protein 250 resistant to cleavage by intestinal proteases (52). The T1L M1 and L2 genes and the 251 substitution in 1 were incorporated to enhance infectivity in the intestine following 252 peroral inoculation. AP and AD viruses are genetically identical with the exception of an 253 isoleucine or lysine at amino acid 595 in the µ1 protein (Fig. 1A ). This residue 254 segregates with apoptosis efficiency (41). Sequences of the AP and AD S1 and M2 255 genes were determined using cDNA generated from viral RNA, confirming the 1 249 256 residue and the µ1 595 residue in each case and the absence of any unintended 257
mutations (data not shown). 258
To determine the replication efficiency of AP and AD in cultured cells, HeLa ( AP induced a significantly higher number of apoptotic cells than AD in a dose-275 dependent manner in both cell types at both time points. To complement the AO 276 staining assay, HeLa cells were adsorbed with each virus strain, and caspase 3/7 277 activity in cell lysates was quantified at 24 h post-infection using a fluorogenic substrate 278 (Fig. 2C) . Levels of caspase 3/7 activity following infection with AP were significantly 279 higher than those following infection with AD. Thus, AP induces apoptosis more 280 efficiently than AD in cultured cells. infected animals survived compared with 100% of the AD-infected animals (Fig. 3A) . 288
These data suggest that apoptotic capacity enhances reovirus virulence. 289
To determine whether apoptotic capacity influences reovirus replication at the 290 site of primary infection, systemic dissemination, and replication at sites of secondary 291 infection, newborn mice were inoculated perorally with 10 9 PFU AP or AD. At 2, 4, 6, 8, 292
and 12 d post-inoculation, intestine, spleen, liver, heart, and brain were excised, and 293 viral loads in organ homogenates were determined by plaque assay (Fig. 3B ). AP and 294 AD reached comparable titers in the spleen, liver, and heart. AP titers in the intestine 295
were significantly higher compared with AD at 4 d post-inoculation but did not differ at 296 any other time point tested. Most notably, peak titers of AP in the brain were 297 approximately 100-fold greater than those of AD at 6, 8, and 12 d post-inoculation. 298
Protein lysates from three titer-matched AP-or AD-infected brains resected at 12 d 299 post-inoculation were resolved by SDS-PAGE and immunoblotted using an antibody 300 specific for the cleaved (activated) form of caspase-3 and an antiserum specific for actin 301 as a loading control. Judging from the immunoblot band intensity, brain homogenates 302 from animals infected with AP contained considerably greater levels of cleaved 303 caspase-3 than those from animals infected with AD, suggesting that AP induces 304 apoptosis more efficiently in the brain than AD following peroral inoculation (Fig. 3C) . 305
Collectively, these data indicate that the efficiency of apoptosis induction is linked to 306 reovirus neurovirulence and replication in the murine brain. 307 308 on October 20, 2017 by guest http://jvi.asm.org/ Apoptotic capacity enhances reovirus replication in the CNS. We reasoned 309 that the difference in peak titers of AP and AD in the brain following peroral inoculation 310 might be due to an enhanced capacity of AP to either disseminate to the brain or to 311 replicate at that site. To distinguish between these possibilities, newborn mice were 312 inoculated intracranially with 10 PFU of AP or AD and monitored for illness for 21 days. 313
Remarkably, 90% the AD-infected animals survived infection compared with only 40% 314 of those infected with AP (Fig. 4A) . 315
To quantify replication of these virus strains in the CNS, newborn mice were 316 inoculated intracranially with 10 PFU of AP or AD. At 4, 8, and 12 d post-inoculation, 317 mice were euthanized, brains were resected, and viral titers in brain homogenates were 318 determined by plaque assay. Mean viral titers of AP in the brain were significantly 319 higher than those of AD (Fig. 4B) . Interestingly, viral titers in brain tissue of AD-infected 320 mice appeared to display a bimodal distribution. Titers of AD in the brains of most 321 infected animals were lower than the limit of detection. However, in a minority of AD-322 infected animals, viral titers in the brain were comparable to those in AP-infected 323 animals. Full-length S1 and M2 gene sequences of ten AD isolates from brain 324 homogenates in which high viral titers were found revealed no nucleotide changes 325 compared with input virus (data not shown), suggesting that the dichotomy in titer is not 326 attributable to reversion of the S1 or M2 mutations. homogenates from AP-infected animals contained appreciably greater levels of cleaved 333 caspase-3 than those from AD-infected animals, suggesting that AP induces apoptosis 334 more efficiently in the brain than AD following inoculation by the intracranial route (Fig.  335 
4C). To determine whether apoptosis induction influences viral protein expression, 336
immunoblots were stripped and re-probed with reovirus polyclonal antiserum. The 337 results suggest that levels of viral proteins were greater in AP-infected brains compared 338 with AD-infected brains (data not shown), consistent with our finding that AP replicates 339 more efficiently in the brain compared with AD. Together, these results suggest that 340 apoptotic capacity is not a determinant of reovirus dissemination to the brain but rather 341 influences viral replication at that site. (Fig. 5A) . Examination of an infected region of the 356 cerebellum at higher magnification revealed that Purkinje cells were the predominant 357 cell type infected in the cerebellum of AD-infected animals, whereas both Purkinje cells 358 and granule cells contained reovirus antigen in the cerebellum of AP-infected animals 359 (Fig. 5B) . This observation raises the possibility that apoptosis capacity expands 360 reovirus tropism. Tissue injury also was more extensive in the cerebellum of AP-infected 361 animals compared with that in AD-infected animals. In multiple sections from infected 362 animals, brain regions positive for AP antigen also stained positive for cleaved caspase-363
In contrast, very little cleaved caspase-3 immunoreactivity was detected in regions 364
that stained positive for AD (Fig. 5B) . These data are consistent with immunoblotting 365 results showing greater levels of cleaved caspase-3 in whole brain lysates derived from 366 AP-infected mice than those infected with AD (Fig. 4) (Fig. 6 A, B) . ISVPs were 381 included in these experiments, as these in vitro generated disassembly intermediates 382 infect neurons more efficiently (Konopka, Pruijssers, and Dermody, unpublished) . A 383 significantly greater percentage of neurons were infected with AP virions and ISVPs 384 than virions and ISVPs of AD, suggesting that AP more efficiently infects primary 385 cortical neurons relative to AD (Fig. 6C) . To determine whether apoptotic capacity 386 influences reovirus replication in neurons, cultures of primary cortical neurons were 387 infected with AP or AD virions or ISVPs at an MOI of 10 PFU/neuron, and viral titers 388 were determined by plaque assay at 0, 24, and 48 h post-infection (Fig. 6D) . Although 389 there was a trend toward higher viral yields after infection with AP virions, no statistically 390 significant differences were observed between yields of AP and AD virions or ISVPs, 391
suggesting that apoptotic capacity is not required for completion of the reovirus 392 replication cycle in primary neuronal cultures. Thus, apoptosis induction appears to be 393 associated with more efficient infection but not an overall replication advantage in 394 loads determined by plaque assay (Fig. 7) . AD replicated to significantly higher titers 403 than AP in the intestine of inoculated pups. Moreover, titers of AD also were higher than 404 those of AP in the intestine of uninoculated littermates. These data suggest that 405 apoptotic capacity attenuates replication in the intestine, which may in turn diminish 406 In this study, we engineered apoptosis-proficient and apoptosis-deficient reovirus 410 strains to study the function of apoptosis in different stages of reovirus infection in the 411 host following a natural route of inoculation. These viruses are genetically identical with 412 the exception of a single residue polymorphism in the 1 protein that has been linked to 413 the efficiency of apoptosis induction (39). Our results indicate that the capacity to induce 414 apoptosis contributes to reovirus neurovirulence and leads to higher viral loads in the 415 murine brain. However, enhanced apoptotic capacity is associated with reduced viral 416 loads in the intestine and reduced transmission of reovirus to uninfected littermates. 417
Thus, apoptosis functions in a tissue-specific manner in reovirus pathogenesis. 418
It is not apparent whether the capacity of reovirus to induce apoptosis enhances 419 viral infectivity and replication in the brain or whether the enhanced infectivity and 420 replication in the brain leads to enhanced apoptosis and neurovirulence. The dichotomy 421 in viral loads produced by AP and AD in brains of infected mice suggests that reduced 422 apoptotic capacity dampens productive infection or replication in neurons. Indeed, our 423 studies using cultures of primary cortical neurons suggest that AP infects neurons more 424 efficiently than AD. In addition, AP displayed an expanded distribution in the cerebellum 425 of infected mice compared with AD. We envision three possible mechanisms to account 426 for the replication differences exhibited by AP and AD. First, the polymorphism in µ1 427 may dictate differences in the stability of the virion or the capacity to penetrate 428 endosomal membranes, which in turn might influence the efficiency with which the virus 429 infection by ISVPs, which bypass the entry steps following attachment prior to 432 membrane rupture (27). Second, activation of signaling pathways that lead to apoptosis 433 may influence the expression of factors that contribute to viral replication. Such host 434 factors could in turn contribute to cell type-specific susceptibility and resultant expansion 435 of tropism. In this case, since AP induces apoptosis more efficiently than AD, AP may 436 benefit from such proapoptotic signaling networks. Third, apoptotic capacity might be 437 required for virus release from neurons and subsequent infection of neighboring cells. 438
Additional studies are required to discriminate between these possibilities. 439
Following peroral inoculation, loads of AP and AD were comparable in the spleen 440 liver, and heart. However, AP reached substantially (~100-fold) higher titers than AD in 441 the brain. Viral loads of AP in the brain also were higher than those of AD following 442 intracranial inoculation. These data are consistent with previous reports that reovirus 443 replication capacity is diminished in brains of mice lacking either of the proapoptotic Bcl-444 2 family members Bax (10) or Bid (6). Our results do not suggest a role for apoptotic 445 capacity in viral dissemination in the host. Of note, another study from our laboratory 446
indicates that nonstructural protein 1s is required for full apoptotic potential in cultured 447 cells and bloodstream dissemination in mice following intramuscular inoculation (54) . 448 This finding suggests that different viral determinants are relatively more important for 449 apoptosis induction in different tissues. Therefore, it is possible that µ1 is essential for 450 apoptosis induction in the CNS, whereas 1s is essential for apoptosis induction in the 451 muscle to allow bloodstream spread. 452 on October 20, 2017 by guest http://jvi.asm.org/
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The difference in apoptotic capacity displayed by AP and AD is attributable to a 453 single amino acid polymorphism at residue 595 of 1. AP has a lysine at 595, whereas 454 AD has an isoleucine at that position. However, in the context of strain T3D, isoleucine-455
to-lysine at 595 attenuates apoptosis (39). Based on our data and the previous study, 456
we think that the I595K polymorphism acts as a toggle for apoptotic capacity depending 457 on the genetic background of the virus. In the case of AP and AD, the M1 and L2 458 segments are derived from T1L and the S1 gene encodes a threonine-to-isoleucine 459 substitution at residue 249 in 1. It is possible that one or more of these differences 460 account for the change in polarity of I595K with respect to apoptosis efficiency. 461
Identifying the genetic determinants and underlying biochemical mechanisms required 462 for the phenotypic switch is a focus of our current work. 463
Enhanced apoptotic capacity increases reovirus virulence, infectivity, and 464 replication in the brain, but it reduces replication in the intestine and transmission to 465 uninfected littermates. Thus, enhanced virulence comes at a fitness cost for reovirus. 466
For some viruses, like noroviruses and rotaviruses, virulence, as assessed by 467 production of diarrhea, is linked to transmission. However, for reovirus, it is not apparent 468 how neurovirulence would enhance transmission efficacy. We find it noteworthy that of 469 the seven reovirus M2 gene sequences reported to date, all encode an isoleucine at 470 residue 595. Therefore, since lysine 595 has not been found in natural reovirus isolates, 471 it appears that selection pressures modulating reovirus fitness appear to favor 472 transmission efficiency over neurovirulence. 
